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ABSTRACT 

(S| \ We present the results of a narrow-band (H2SI, A c = 2.121/im, SX = 0.021/im) 

^ . imaging search with WFCAM/UKIRT for Ha emitters around several potential 

OO ' signposts of rare (~ 10 -7 -10 -8 Mpc -3 ) over-dense regions at z = 2.23: an over- 

density of QSOs (2QZ cluster), a powerful, high-redshift radio galaxy (HzRG), and 
a concentration of submillimetre galaxies (SMGs) and optically faint radio galaxies 
(OFRGs). In total, we detect 137 narrow-band emitter candidates down to emission- 

T^j- \ line fluxes of 0.5-1 x 10 -16 ergs -1 cm -2 , across a total area of 0.56 sq. degrees 

■ (2.1 x 10 5 comoving Mpc at z = 2.23) in these fields. The BzK colours of the emit- 
ters suggest that at least 80% of our sample are likely to be Ha emitters (HAEs) at 
z = 2.23. This is one of the largest HAE samples known at z > 2. We find modest 
(~ 3ct) local over-densities of emitters associated with all the three targets. In the 2QZ 

• tH ' cluster field, the emitters show a striking filamentary structure connecting four of the 

z = 2.23 QSOs extending over 30 Mpc (comoving). In the HzRG and SMG/OFRG 
fields, the structures appear to be smaller and seen only in the vicinities of the tar- 
gets. The if-band magnitudes and the Ha equivalent widths of the emitters are weakly 
correlated with the over-density of the emitters: emitters in over-dense region are more 
evolved systems compared to those in under-dense regions at z = 2.23. We find sev- 
eral examples of extended HAEs in our target fields, including a striking example with 
a spatial extent of 7.5arcsec (60kpc at z = 2.23) in the 2QZ field, suggesting that 
these are relatively common in high-density regions. We conclude that narrow-band 
Ha surveys are efficient routes to map over-dense regions at high-z and thus to un- 
derstand the relation between the growth of galaxies and their surrounding large-scale 
structures. 

Key words: galaxies: formation - galaxies: evolution - galaxies: high-redshift - 
cosmology: observations - early Universe 



* Based on observations obtained with the Wide Field CAMera 
(WFCAM) on the United Kingdom Infrared Telescope (UKIRT), 
and in part on data collected at Subaru Telescope, which is op- 
erated by the National Astronomical Observatory of Japan, and 



collected at the W.M. Keck Observatory, which is operated as a 
scientific partnership among the California Institute of Technol- 
ogy, the University of California and the National Aeronautics 
and Space Administration, 
f E-mail: yuichi.matsuda@durham.ac.uk 
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1 INTRODUCTION 

Local galaxy clusters are characterised by populations 
of passive, early- type galaxies, whose properties contrast 
markedly with the star-forming, late-type galaxies foun d 
in the surrounding low-density field (e.g. iDresslerl 1 19801 ). 
The main formation phase of the stars in elliptical galax- 
ies in clusters appe ars to have occurred at high redshift 
(probably z > 2 , e.g. lEllis et ai1ll997l : Imakeslee et al.ll2003l : 
iMei et al.1 2009), in contrast to the field where most of the 
star- format ion activity o ccurs at z < 2 (e.g. iLillv et ah! 
Il995l ; I Thomas et al.l l2005h . Hence the evolution of galaxies 
in clusters appears t o be accelerated relative to that in low- 
density regions (e.g . ISteidel et al.ll2005l ; iTanaka et al.l 2010; 
iTadaki et aH l201ol : [Hatch et al.1 l2Qllh . As a result, while 
the average star- format ion rate (SFR) of a galaxy decreases 
with incre asing local galaxy density in the low-r edshift Uni- 
verse (e.g. iLewis eTa l. 2002; Gomez et al.| [2003). this trend 
should reverse at earlier ti mes: with the SFR i ncreasing with 
increasing galaxy dens i ty (lElbaz et al. 12007 ]_ Havashi et al.l 
[20l3; iTran et al.l lioTol: iGriitzbauch et al.ll201lh . Hence the 
progenitors of massive clusters at high-redshifts (proto- 
clusters) should be identifiable as over-densities of star- 
form i ng galaxies (ISteidel et al.l[l998l . 120051 : IVenemans et al.l 
I20Q7I : iMatsuda et al.ll2009l . l201ol ). If the growth of the galax- 
ies is synchronised with that of their super-massive black 
holes, then populations of active gala ctic nuclei should 
also be located in these proto-clusters (ISmail et al.l |2003; 
iLehmer et aT1l2009l : iDigbv-North et~aDl201Qh . 

To identify proto-clusters, the most representative, but 
time-consuming, technique is to find significant redshift 
over- densities in l arge spectroscopic redshif t surveys of star- 
forming galaxies (Steidel et al. 1998, 2005; Chapman et al.l 
2009; iKurk et "aD 120091 ). A quicker route is to perform 
such searches around luminous high-redshift sources, such 
as quasi-stellar objects (QSOs) or powerful high-redshift 
radio galaxies (HzRGs), where the expectation is that 
the massive black holes in these galaxies will be hosted 
by correspondingly massive galaxies which will signpost 
over-dense regions at high redshifts. An even more ef- 
ficient technique is to forego spectroscopy and instead 
search for concentrations of emission-line gala xies in narrow- 
band i maging surveys of thes e regions (e.g. | Hu &; McMahonl 
I l996| : IPascarelle et al.1 Il99& iKeel et al.1 Il999l: IKurk et al l 
2000, 2004a, b: Tvenemans et al.ll2007l: [Kashikawa et al.ll2007l : 
ITanaka et alTl2010l : lHatch et al.ll201lh . 

For target QSOs or HzRGs at z > 2, Lya is redshifted 
into the optical and hence most of the narrow-band imag- 
ing surveys have targeted Lya emission. However, Lya is 
far from ideal as it is a resonance line and even a small 
amount of dust is enough to destroy the line, thus biasing 
searches against the dusty and perhaps most active galax- 
ies in any structure. A better choice is to use Ha, which is 
less sensiti ve to dust and also a more accurat e tracer of star 
formation (|Kennicuttl ll998l: iGarn et alJ lioiol). However, for 
galaxies at z > 0.4, Ha is redshifted into the near- infrared, 
and it is only through the recent development of panoramic, 
near- infrared imagers tha t narrow-band sear ch es based on 
Ha have become p ossible ([Sobral et al . 2009a,b, 2010, 2011; 
iGeach et all 12008 . hereafter G08). 

We have exploited the wide- field, near- infrared imag - 
ing capabilities of WFCAM on UKIRT (|Casali et al-l koO?^ 
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Figure 1. The transmission curves of the H2SI filter on 
UKIRT/ WFCAM. We identify the wavelengths for Ha emission 
expected for the redshifts of our various targets: the QSOs in the 
2QZ structure, the HzRG MRC 0200+015 and the SMG/OFRGs 
in SSA 13. The mean redshifts of the three sets of targets are 
clearly well-matched to the transmission of the filter, allowing us 
to efficiently survey for Ha emitters in any associated structures. 



to carry out an Ha imaging survey around several poten- 
tial signposts of over-dense regions at z =2.23. The paper 
is structured as follows: §2 describes our target selection, 
while §3 details our observations and data reduction and 
§4 describes the results derived from these data. Finally, 
§5 discusses our results and summarises our main conclu- 
sions. We use Vega magnitudes unless otherwise stated and 
adopt cosmological parameters, = 0.27, = 0.73 and 
Ho = 73 kms -1 Mpc -1 . In this cosmology, the Universe at 
z =2.23 is 2.9 Gyr old and 1.0 arcsec corresponds to a phys- 
ical length of 8.1 kpc. 



2 TARGET FIELD SELECTION 

Our survey uses the H2SI narrow-band filter on WFCAM 
to isolate Ha emitters at z =2.23. We plot the transmis- 
sion curve of the narrow-band filter (H 2 S1, A c = 2.121/xm, 
5X = 0.021/xm) in Figure 1. The redshift range of the Ha line 
corresponding to the 50% transmission wavelengths of the 
filter is z — 2.216-2.248 (equivalent to a comoving length 
of 43.1 Mpc along the line of sight). We therefore searched 
for targets which could be potential signposts of over-dense 
regions at z ~ 2.23 using the NASA/IPAC Extragalactic 
Database (NED) We selected three targets; an over-density 
of QSOs, a HzRG, and a concentration of submillimetre 
galaxies (SMGs) and optically faint radio galaxies (OFRGs). 
We summarise the targets in Table 1. 



2.1 2QZ cluster 

Our first target is a concentratio n of QSOs selected f rom the 
2dF QSO redshift survey (2QZ, ICroom et al.1 l200lh . There 
now appears to be some consensus that on average, over- 
densities of galaxies are present ar ound typical QSOs (both 
radio-loud and quiet) at z < 2 (e.g. lEllingsom Yee, &; Greenl 



1 The NASA/IPAC Extragalactic Database (NED) is operated 
by the Jet Propulsion Laboratory, California Institute of Tech- 
nology, under contract with the National Aeronautics and Space 
Administration. 



Ha proto- clusters at z = 2.23 3 



Table 1. Summary of targets 



Field Target Redshift Magnitude Ref. a 



2QZ cluster 


2QZ J100351. 5+001501 


2.217 


B = 


20.43 


1 




2QZ J100412. 8+001257 


2.240 


B = 


18.57 


1, 2 




2QZ J100339. 7+002109 


2.241 


B = 


19.58 


1, 2 




2QZ J100323.0+000725 6 


2.235 


B = 


20.57 


1, 2 




2QZ J100204.0+001643 c 


2.245 


B = 


20.42 


1, 2 


0200+015 


NVSS J020242+014910 


2.229 


H = 


19.26 


3, 4, 5, 6 


SSA13 


SMM J131230.92+424051.0 


2.247 


K = 


19.29 


7 




SMM J131239.14+424155.7 


2.242 


K = 


19.49 


7 




RG J131207.74+423945.0 


2.228 


K = 


19.36 


8 




RG J131208.34+424144.4 


2.234 


K = 


19.10 


8 




RG J131236.05+424044.1 


2.224 


K = 


20.50 


8 



ICroom et al l (120041 ). (2) IShen et al.l (120071 ) ( 3) lLarge et al l dl9 



Rottgering et a 



Chap man et al 



■ Ul997h . r5 )ICondon et al.l dl998h . (6) llwamuro et Id] (12003 
(l2Q05h . (^ ISmail et al.l (j2004T ). 



b This source is just outside of the WFCAM field of view. 
c This source is outside of the WFCAM field of view. 



Il99ll : [Hall &; Greenlll998l ). However, using over- densities of 
QSOs should be a much clearer marker of structures at 
high redshift (|Clowes &; Campusandfl99lh . We searched the 
whole equatorial region from the 2QZ survey for regions with 
more than four QSOs at z =2.216-2.248 in a 1-degree di- 
ameter field. There are 285 QSOs at z = 2.216-2.248 in the 
2QZ survey area of 289.6 deg 2 (or 1.1 x 10 8 comoving Mpc). 
We found only one structure satisfying the criteria in this 
volume indicating a volume density of any associated struc- 
ture of ~ 10 -8 comoving Mpc -3 . We refer to this target as 
the 2QZ cluster, it contains five QSOs at z = 2.217 ' 2.235, 
2.240, 2.241 and 2.245 (see Figure 1 and Table 1)0 Four 
out of the five QSOs are even more strongly clustered in 
a 15 x 15 arcmin 2 region, with three of these QSOs falling 
within the field of view of a single WFCAM chip, with the 
fourth located just outside the field of view. 

2.2 0200+015 

Our second target is a HzRG: MRC 0200+015. The number 
density of HzRGs a t z = 2-5 is a few times 10 -8 Mpc -3 
(|Milev fe De Breuckl l2007h . and thus HzRGs are quite 



rare. There is growing evidence that a significan t fraction 



of HzRGs reside in over-dense environments (iKurk et al. 


2000 


Pentericci et al.ll2000l: IStevens et al. 120031: ISmail et al. 


2003 


Milev et al.ll"2004; Kaiisawa et al. 2006: Kodama et al. 


2007 


Venemans et al. 2007; Tanaka et al. 2010; Hatch et al. 


2011 


). However. iBest et al.1 (|2003h show that HzRG at 



z ~ 1.5-2 are found in a very wide range of environ- 
ments, from essentially no over-density, through a small- 
scale central over-density to larger scale over-densities. 
Using NED, we identified a HzRG, MRC 0200+015 (or 
NVSS J020242+01 4 910) at z = 2.229 (here af ter 0200+015 
Large et all Il98ll ; iRottgering et al.1 1 19971 : ICondon et al.1 
19981 ). This HzRG field was observed using Ha imaging by 



2 Four of the 5 Q SOs are also listed in the SDSS QSO catalog 
dShen et alJl2007h 



I van der W erf. Moorwood. fc Bremer] ([2000). They imaged 
an area of just 6.37 arcmin 2 down to a 3 a flux limit of 

1.0 x 10 -16 ergs -1 cm -2 for Ha emitters in redshift range 
of z =2.19-2.26. Although they detected the HzRG as an 
Ha emitter, they did not identify any additional Ha emit- 
ter candidates around the HzRG. A single WFCAM chip 
has a fi eld of view ~ 30 times larger than the a rea sur- 
veyed bv lvan der Werf. Moorwood. &; Bremerl (|20Q0h , giving 
us the first opportunity to conclusively search for a structure 
around this HzRG. 

2.3 SSA13 

Our final target is a potential concentration of massive star- 
burst galaxies. From redshift surveys of SMGs and OFRGs, 
a significant redshift spike was discovered at z = 2.224-2.247 
Az 0.023) in the Small Selected Area 13 (SSA 13) field 
Smail et al J 120041 : IChapman et alJ l2Q05h . This spike con- 
tains two SMGs at z = 2.242, 2.247 and three OFRGs at 
z =2.224, 2.228, and 2.234 (see Figure 1 and Table 1). This 
spike is one of the most prominent structures in their sur- 
vey volume of a few times 10 6 comoving Mpc, suggesting a 
stru cture with a number d ensity of a few times 10 -7 Mpc -3 
(c.f. IChapman etaDl2009h . 

3 OBSERVATIONS AND DATA REDUCTION 

3.1 WFCAM Observations 

The three target fields were observed between 2006 May and 
2010 April with WFCAM on UKIRT, using the if-band and 
H2SI filters. We summarise the observations in Table 2. WF- 
CAM has four 13.7 x 13.7 arcmin 2 chips offset by 20 arcmin 
(a comoving separation of 32 Mpc at z = 2.23). For our ob- 
servations we place the target on one of the chips (Chip 1 for 
the 2QZ cluster and SSA 13, Chip 3 for 0200+015), with the 
other three chips providing control fields to derive the mean 
density of emitters ~ 40-60 Mpc (comoving) away from the 
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Table 2. Summary of observations and data 



Field 


Coordinate (J2000) 


Date 


Filter 


Chip 


Exp time 


Depth a 


FWHM 


Area 


Number density^ 




(h:m:s) (d:m:s) 


fmni / vvvv) 








fmae;) 


(arcsec) 


(arcmin^) 


(arcmin - ^ ) 


2QZ cluster 


10:03:51.0 +00:15:09 


02/2010 


H 2 S1 


1 


34.44 


19.9 


0.9 


169 


8.1 (H 2 S1^19.9) 




10:05:37.2 +00:15:03 






2 


34.44 


20.0 


0.9 


171 


9.6 (H 2 S109.9) 




10:05:37.8 +00:41:22 






3 


34.44 


19.9 


0.9 


172 


10.1 (H 2 S1^19.9) 




10:03:51.5 +00:41:33 






4 


34.44 


20.1 


0.9 


171 


8.6 (H 2 S1^19.9) 




10:03:51.0 +00:15:09 


02-03/2010 


K 


1 


4.48 


20.4 


0.7 


169 


8.2 (K^19.9) 




10:05:37.2 +00:15:03 






2 


4.48 


20.3 


0.8 


171 


10.0 (K^19.9) 




10:05:37.8 +00:41:22 






3 


4.48 


20.4 


0.8 


172 


10.3 (X^19.9) 




10:03:51.5 +00:41:33 






4 


4.48 


20.3 


0.8 


171 


8.8 (X^19.9) 


0200+015 


02:02:42.6 +01:50:54 


10/2007 


H 2 S1 


3 


13.44 


19.6 


0.9 


148 


8.3 (H 2 S1^19.5) 




02:00:56.0 +01:24:38 






1 


13.44 


19.6 


1.0 


172 


8.1 (H 2 S1^19.5) 




02:02:42.2 +01:24:35 






2 


13.44 


19.7 


1.1 


169 


7.2 (H 2 S1^19.5) 




02:00:56.1 +01:51:02 






4 


13.44 


19.5 


1.0 


174 


6.5 (H 2 S1^19.5) 




02:02:42.6 +01:50:54 


10/2007 


K 


3 


1.335 


20.1 


1.0 


148 


8.0 (X09.5) 




02:00:56.0 +01:24:38 






1 


1.23 


20.1 


1.1 


172 


8.0 (X09.5) 




02:02:42.2 +01:24:35 






2 


1.25 


20.1 


1.0 


169 


7.4 (X09.5) 




02:00:56.1 +01:51:02 






4 


1.365 


20.0 


1.2 


174 


6.5 (X09.5) 


SSA13 


13:12:34.1 +42:40:43 


05/2006 


H 2 S1 


1 


14.76 


19.0 


0.9 


146 


4.2 (H 2 S1^19.0) 




13:14:58.5 +42:40:49 






2 


14.32 


19.1 


0.9 


174 


5.1 (H 2 S1^19.0) 




13:14:58.2 +43:07:03 






3 


14.56 


19.1 


0.9 


174 


4.9 (H 2 S1^19.0) 




13:12:33.2 +43:07:08 






4 


14.96 


19.1 


0.9 


171 


4.6 (H 2 S1^19.0) 




13:12:34.1 +42:40:43 


05/2006 


K 


1 


0.625 


19.7 


1.0 


147 


4.3 (XO9.0) 




13:14:58.5 +42:40:49 






2 


0.615 


19.7 


0.9 


174 


5.0 (XO9.0) 




13:14:58.2 +43:07:03 






3 


0.63 


19.8 


0.9 


174 


4.8 (XO9.0) 




13:12:33.2 +43:07:08 






4 


0.62 


19.5 


0.9 


171 


4.7 (XO9.0) 



a The 5cr limiting magnitude based on photometry with a 3-arcsec diameter aperture. 
& The number density of H 2 S1 detected sources. 



target. To help with cosmic ray rejection over the relatively 
long narrow-band exposures (40-60 s), we used the NDR 
(Non Destructive Read) mode, whereas CDS (Correlated 
Double Sampling) mode was used for the shorter broad- 
band exposures. To improve sampling of the PSF with the 
0.4 arcsec pixels of WFCAM, the narrow-band frames were 
microstepped in a 2 x 2 grid with 1.2 arcsec offsets at each 
position, following a 14-point jitter sequence. The seeing in 
our observations varied between 0.7-1.2 arcsec FWHM. 

The data reduction was car ried out in the same m anner 
as for the HiZELS survey (G08; ISobral et al.ll2009al lbl l2010l . 
l201ll ). We flatfield a given image using a normalised me- 
dian combination of the 13 remaining frames from the same 
sequence, taking care to mask-out bright sources in each 
frame. A world coordinate system is then automatically fit 
to each frame by querying the USNO A2.0 catalogue, on av- 
erage returning ^100 sources to derive the as trometric fit. 
Fram es are aligned and co-added with SWARP (|Bertin et al.l 
2002). Both i^-band and H 2 S1 magnitudes were calibrated 
by matching K = 10-15 stars from the 2M ASS All-Sky Cat- 
alogue of Point Sources (|Cutri et al.ll2003h which are unsat- 
urated in our frames. The magnitudes were not corrected 
for Galactic extinction, beca use the extinction is negligible 
in th ese bands (< 0.01 mag, ISchlegeL Finkbeiner, &; Davisl 
Il998h . 

The combined images were aligned and smoothed with 
Gaussian kernels to ensure that the final images in each field 
have the same seeing (FWHM = 0.9-1.2 arcsec). The size of 
each chip analyzed here is 13.2 x 13.2 arcmin 2 after removal 



of low S/N regions near the edge. We also masked out ha- 
los and cross-talk residuals of the bright stars (K <15). 
The resultant total effective area of each chip is ~ 150- 
170 arcmin 2 (corresponding to a comoving volume of ~ 1.6- 
1.8 x 10 4 Mpc 3 for Ra emitters at z = 2.23 in the H 2 S1 
filter). 



Source detection and ph otometry were performed using 
SExtractor version 2.5.0 (jBertin fe Arnoutsl [l996h . The 
source detections were made on the H 2 S1 image. We de- 
tected sources with five connected pixels above 1.0-1.5 a 
of the sky noise. Each WFCAM chip has four amplifiers, 
we added small (< ±0.1 mag) shifts to the narrow-band 
zero point magnitudes to make the median K — NB colour 
zero for each region with the same amplifier in each chip. 
The magnitudes and colours are measured for each source 
in a 3 arcsec diameter aperture. In Table 2, we give the 
number densities of H 2 S1 detected sources down to the 5 a 
limit in each field. We confirmed that these are consistent 
wi th if-band numb er counts of galaxies in UKIDSS/DXS 
bv lKim et al.l ([201 lh . The number densities in each chip in 
each field agree within ± 12%, and the variations are also 
consistent with those seen in the UKIDSS/DXS data (Jae- 
Woo Kim, private communication). The agreement suggest 
that our photometric calibration is reliable for each field. 
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Figure 2. Colour-magnitude plots showing H2SI versus K — H2SI for the H^Sl-detected sources in our three survey fields. The filled 
and open circles identify the emitter candidates in the target and control fields, respectively (see Appendix A). The squares indicate 
the target QSOs, HzRG, and SMG/OFRGs. The dashed lines are the colour cuts corresponding to K - H 2 S1 =0.215 (EW ohs ^ 50A) 
and H2SI >5cr, used to select line emitters in our analysis. The solid curves show the expected 2.5 a error limit in the colour of a f v 
constant source. We also identify HAE17 in the 2QZ cluster field, which is surrounded by extended Ha nebula, and the spectroscopically 
confirmed narrow-line AGN (NLAGN) at z = 2.235 in the 0200+015 field. All magnitudes and colours are measured with 3 arcsec diameter 
apertures. Comparison of the numbers of sources in the various fields suggests that no field has an over-density of emitters on scales of 
a WFCAM chip. 



3.2 Supporting Observations 

3.2.1 SCAM Observations 

To check contamination in our emitter sample from fore- 
ground and background line emitters, we obtained B and 
z'-ban d images of the targ et fields with Subaru/Suprime- 
Cam ([Mivazaki et al.l [2002V We observed the 2QZ cluster 
field in 2009 November and the 0200+015 field in 2010 
November. For the SSA 13 field, we used archival data. All 
the images were a single pointing of Suprime-Cam, cover- 
ing only one chip of the WFCAM observations. The ex- 
posure times were 0.9-3.0 ks for the B-band and 0.9-1.8 ks 
for z'- band, respectivel y . The data were r educed using SD- 
fred (jYagi et al.1 120021 : lOuchi et al.1 liooih . For photomet- 
ric calibratio n, we used the photometric stand ard stars in 
SA 101 field (|Landoltl Il992l : ISmith et al.1 l2002h and SDSS 
z'-band images for the 2QZ cluster and SSA 13 fields. We 
co rrected the magnitudes using t he Galactic extinction map 
of ISchlegel. Finkbeiner. fe David (|l998h . The seeing of the 



stacked images are 0.9-1.2 arcsec for B-band and 0.6-0.8 
arcsec for z'-band, respectively. The 1 a limiting AB mag- 
nitudes derived with 3 arcsec diameter aperture photometry 
are 27.0-27.6 ABmag for B-band and 25.6-26.0 ABmag for 
z'-band, respectively. 

3.2.2 MOIRCS Observations 

The 0200+015 field was also observed with the if s -band 
and H 2 S1 niters using Subaru/MOIRCS (jSuzuki et al.ll2008l ) 
in 2007 August as part of engineering tests (performed by 
IT). The H 2 S1 filter on MOIRCS has A c =2.116/xm and 
5X =0.021/xm. The Ha redshift range covered with the 
H 2 S1 filter is z =2.208-2.240, which is only Az =0.008 
smaller than that covered with the H2SI filter on WF- 
CAM. As one of the two chips had problems, we used 
only one chip. The exposure times were 1.17 ks for K s - 
band and 1.44 ks for H2SI, respectively. We reduced the 
data using the MOIRCS imaging data reduction pipeline 
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Table 3. Numbers and over-density of emitter candidates 
on WFCAM chip scales. 



Field 


Chip 


N 


n 


5 a 








(arcmin ^) 




2QZ cluster 


1 


22 


0.13 ±0.03 


0.5 ±0.4 


Control 


2,3,4 


44 


0.09 ±0.01 


0.0 ±0.2 




2 


18 


0.11 ±0.02 


0.2 ±0.3 




3 


20 


0.12 ±0.03 


0.4 ±0.4 




4 


6 


0.04 ±0.01 


-0.6 ±0.2 


0200+015 


3 


11 


0.07 ±0.02 


0.0 ±0.3 


Control 


1,2,4 


40 


0.08 ±0.01 


0.0 ±0.2 




1 


12 


0.07 ±0.02 


-0.1 ±0.3 




2 


16 


0.09 ±0.02 


0.2 ±0.4 




4 


12 


0.07 ±0.02 


-0.1 ±0.3 


SSA13 


1 


6 


0.04 ± 0.02 


0.5 ±0.7 


Control 


2,3,4 


14 


0.03 ±0.01 


0.0 ±0.3 




2 


3 


0.02 ±0.01 


-0.4 ±0.4 




3 


5 


0.03 ±0.01 


0.1 ±0.6 




4 


6 


0.04 ±0.01 


0.3 ±0.6 



a 5 = (n — n)/n, where n is the mean density of emitter 
candidates derived from the three chips surrounding each 
target field. 



fMCSRED. iTanaka et alJlioiol ). For photometric calibration, 
we used the 2MA SS All-Sky Catalogue of Point Sources 
(jCutri et al . 2003). The seeing of the stacked images are 
0.48 arcsec for if s -band and 0.42 arcsec for H2SI. The survey 
area is 12.4 arcmin 2 after masking low S/N regions. The la 
limiting magnitudes calculated with a 0.84 arcsec diameter 
aperture are 22.3 mag for if s -band and 21.0 mag for H2SI. 
The deeper, higher resolution images can be used as a test of 
the completeness of our WFCAM observations and to exam- 
ine the Ha morphology in the central 4x3.5 arcmin 2 part 
of the 0200+015 field. These data will be discussed these 
further in I. Tanaka et al. (in preparation). 

3.2.3 LRIS Observations 

In addition, we carried out a long-slit spectroscopic obser- 
vation of a bright emitter ca ndidate in the 0200+015 field 
with Keck/LRIS (iOke et alJll995h in 2010 September. As 
the red-side CCD had problems, we used only the blue arm. 
We used the 400/3400 grism and a 1.0 arcsec slit, yielding 
spectral coverage across ~ 3500-5700 A, at a spectral reso- 
lution of FWHM-7A or ~600kms -1 . The exposure time 
was 0.9 ks and we reduced the data with standard IRAF tasks. 
For wavelength calibration, we used arc lamp spectra with 
Hg, Cd, and Zn lines, giving a wavelength calibration with 
an rms ^ 0.6 A. We also confirmed that there is no over- 
all shift (< 0.2 A) for the wavelength calibration using the 
strong [Oi] sky emission at 5577.3 A. 



4 ANALYSIS AND RESULTS 

We show in Figure 2 the colour-magnitude plots for the 
FbSl-detected sample. From the H^Sl-detected sources with 
H2SI ^5cr in each field, we select emitter candidates with 
the following criteria: 



(1) K - H 2 S1 ^ 0.215 (EWobs ^ 50 A), 

(2) £^2.5, 

where £ is the ratio between the H2SI excess and the uncer- 
tainty in the K — H2 SI colour based on photometric errors 
of both K and H2SI for sources with a constant f u spectra. 
These criteria are the same as used in G08. One slight dif- 
ference from G08 is that we don't correct the if -band mag- 
nitudes using the z — K colour for the emitter selection, 
because we don't have z'-band images in our control fields. 
As we show below, this does not appear to adversely effect 
the purity of our narrow-band excess sample. We note that 
in each field, the limiting magnitudes between the chips are 
slightly different and so we use the shallowest 5 a limits and 
significance curves for the colour cut for both the targets and 
the surrounding control fields to ensure a fair comparison of 
the number density in each field. The colour cuts correspond 
to flux limits of -0.5, -0.7 and - 1.0 x 10" 16 ergs" 1 cm" 2 
for the 2QZ cluster, 0200+015 and SSA 13 fields respectively. 

In total we detect 137 emitter candidates over a 
combined area of 0.56 sq. degrees (2.1 x 10 5 comovingMpc 3 
at z = 2.23) in the three fields. A flux limit of 
0.5 x 10" 16 ergs" 1 cm" 2 corresponds to a star-formation 
rate (attenuation- uncorrected ) of S FR — 14M yr _1 using 
the calibration of iKennicutl (|l998h or SFR -7OM yr" 1 
(attenuation-corr ected) using the reddening estimates from 
Garn et al 1 (|2010T ). We listed the resulting catalogue of emit- 
ter candidates in the tables in Appendix A. 

We have used the Suprime-Cam optical imaging to in- 
vestigate the contamination from potential foreground and 
background line emitters (e.g., Paa emitters at z = 0.13, Pa/3 
emitters at z =0.65 and [Oiii]5007 emitters at z =3.24). 
We show in Figure 3 the B — z and z — K colour-colour 
plot for emitter candidates in the target fields. This BzK 
colo ur-colour plane all ows us to isolate z ^1.4-2.5 galax- 
ies (|Daddi et al.1 [2004), which are likely to be Ha emit- 
ters (HAEs), from any foreground or background contam- 
ination (see G08). Although the BzK criteria, BzK = 
(z - K)ab -(B- z)ab ^ -0.2 or (z - K) A b > 2.5, were de- 
termined using a BzK filter set from different instruments, 
it has been confirmed that the same criteria can also be used 
for Suprime-Cam B and z \ and WFCAM if - bands to select 
z ~ 1.4-2.5 galaxies (e.g. lHavashi et alJl2009h . We find that 
> 80% of the emitter candidates satisfy the BzK criteria, in- 
dicating that these are likely to be z ~ 2.23 HAEs. Note that 
the three QSOs in the 2QZ cluster field are slightly outside 
the BzK colour-selection region (BzK ~ 0.0-0.2 mag), even 
though they are spectroscopically confirmed at z ~2.23. As 
the BzK analysis was designed for galaxies, and not for 
AGNs, this it is perhaps not that surprising. 

The apparent contamination rate in our candidate emit- 
ter sample, ~ 20 % is similar to the ~ 10 — 20 % rates in other 
Ha emitter surve ys for protoclusters (|Tanaka et al.l I20I0I ; 
lHatch et all 1201 lb . Although our contamination rate seems 
to be lower than the ^ 50 — 70 % rates in other Ha emitter 
surveys m b lank fields fG08: lHaves. Schaerer. Ostlinl l2010l : 
lHatch et aflfeOllft. it is similar to the ~ 30 % rate for the 
sub-sample of lHaves, Schaerer, Ostlinl (|2Q10h 's emitters with 
the similar flux range to our sample. As we show below, the 
resulting Ha luminosity functions of our emitters (in both 
target and control fields) and G08's HAEs are consistent, 
supporting the low contamination in our HAE sample. We 
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Figure 3. BzK diagram for emitter candidates in the target fields. At least 80 % of the emitter candidates satisfy the BzK criteria, 
BzK = (z - K) AB - (B - z) AB ^ -0.2 or (z - K) AB > 2.5 dDaddi et al.ll2004h . indicating that these are likely to be Ha emitters at 
z =2.23. This plot suggests that the contamination rate from potential foreground and background line emitters in our emitter sample 
is < 20%. The squares indicate the target QSOs, HzRG. The HAE17 with an extended emission-line nebula in the 2QZ cluster field and 
spectroscopically confirmed narrow-line AGN (NLAGN) at z = 2.235 in the 0200+015 field are also marked. 
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Figure 4. The Ha luminosity function (LF) in the target and control fields. The LFs in the target (filled symbol) and control fields 
(open symbol) appear to be consistent with that of the blank field. We exclude the QSOs and HzRG from the emitter sample used to 
derive the LF. As the contamination rate is < 20% in our emitter sample in the target fields, we assu me all the emitter ca ndidates are 
Ha emitters in this plot. The dashed line shows the blank field Ha luminosity function at z = 2.23 from lGeach et al ] (120081 ). The dotted 
lines represent the detection limits of our emitter sample. The data points in the control fields are slightly shifted (—0.1 dex) for display 
purposes. 



note that for the following comparison of the number den- 
sity between the target and control fields, we have to use the 
full sample of emitter candidates (i.e., before applying the 
BzK criteria) because we lack optical images in our control 
fields. However, due to our low contamination rate this only 
slightly affect the significance of the over-densities we find 
in these fields. 

In Table 3, we summarise the number, number density, 
and over-density of the emitter candidates in each field. We 
derive the mean emitter densities using the surrounding con- 
trol fields for each target field. Our analysis of the number 
densities suggests that there is no significant excess of emit- 
ters in any of the three target fields on the scale of the WF- 



CAM chips (22 comoving Mpc at z = 2.23). Note that in the 
2QZ cluster field, the number of emitter candidates on chip 
4 appears to be lower than on the other chips. However, we 
have confirmed that across all fields the total number of all 
H2Sl-detected sources (not just those showing excess emis- 
sion in the H2SI filter) on chip 4 is not different with those 
in the other chips, as shown in Table 2. Thus, the lower num- 
bers of the emitter candidates on chip 4 in the 2QZ cluster 
field are likely to be real (i.e., a void of emitters). 

We compare the Ho; luminosity functions (LF) of the 
emitter candidates in the target and control fields in Fig- 
ure 4. All the LFs appear to be consistent with the blank 
field LF of z = 2.23 HAEs from G08. We could not find 
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Figure 5. The sky distribution and smoothed density map of emitter candidates at z ~2.23 in the (a) 2QZ cluster field, (b) 0200+015 
field, and (c) SSA 13 field. In the 2QZ cluster field, we see a filamentary structure which appears to connect up the four QSOs at z = 2.23 
in this region. The contours show deviations of local emitter densities from the average densities, from -0.5 to 3<r with 0.5 a intervals. 
In the 0200+015 field, we see an over-density centred on the HzRG. The region surrounded by the dashed line is the area surveyed with 
MOIRCS. Our MOIRCS observations confirm the reality of the four narrow-band excesses sources in this region. In the SSA 13 field, 
we see a modest over-density near to the SMG/OFRG structure. The large solid boxes show the survey areas of WFCAM overlaid on 
the WFCAM H2SI images. The squares indicate the positions of the QSOs, HzRG, SMGs and OFRGs. The circles indicate the emitter 
candidates and the size is proportional to the emission-line flux. The scale bars show the angular size corresponding to 10 comoving Mpc 
(3.1 Mpc in physical scale) at z = 2.23. 



any clear difference between the shapes of LFs in the target 
and control fields. In this comparison, we have excluded the 
three QSOs and HzRG from our emitter sample. 

To search for over-densities on scales smaller than the 
chip field-of-view, we show in Figure 5 the sky distribution 
and smoothed density map of emitter candidates in the 



target fields. The surface density maps are generated with a 
gaussian smoothing kernel with a size chosen to match the 
median distance between the nearest-neighbour emitters in 
the control fields, a =1.4arcmin for the 2QZ cluster and 
0200+015, and a — 2.3 arcmin for SSA 13. In these maps, 
we can see modest over-densities (~3a deviations from 
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the average densities) of emitters within all three target 
fields. In the 2QZ cluster field, the emitters appear to have 
a filamentary structure connecting the four QSOs, while in 
the HzRG and SMG/OFRG fields, the structures appear 
to be smaller and only seen in the vicinities of the targets. 
We discuss these structures below, but we first note that 
the estimated significance of these over-densities may be 
conservative, because the potential contamination will be 
unclustered and so should slightly decrease the significance 
of any real over-densities, although again we stress that the 
contamination rate in our emitter sample is expected to be 
quite low (~ 20%) so this should not be a large effect. 

2QZ cluster: As can be seen in Figure 5, the over-density 
in the 2QZ cluster field comprises an apparently filamentary 
structure connecting at least three of the QSOs at z = 2.23, 
as well as an extension of the structure towards the QSO 
just outside of the field of view to the south west. The 
three target QSOs lie in weak over-dense regions (5 ~ 0-1) 
rather than the local density peaks. The structure around 
the QSOs contains a 2.9 a density peak from the average 
density derived in the control field, and it is the second 
highest peak in the full density map of the 2QZ cluster 
and the surrounding three control fields (see Figure Bl in 
Appendix). The local emitter density of this peak is 3.7 
times higher than the average density. The highest density 
peak is located in the west edge of the chip 2. There is 
a very bright, point-source emitter near to this density 
peak. This bright emitter may be another luminous AGN 
at z =2.23 as the emission-line luminosity is similar to the 
target QSOs0 

0200+015: There is a local over-density of emitters in 
the vicinity of the HzRG, with a 3.0cr deviation from the 
average density. The local emitter density of this peak 
is 3.3 times higher than the average density. This is one 
of the highest density peaks in the 0200+015 and the 
surrounding control fields (see Figure B2). We confirmed 
that all of the five emitter candidates in this over-density 
satisfy the BzK criteria indicating that they are highly 
likely to be HAEs at z =2.23. Four out of the five HAEs 
in the over-density, including the HzRG, are also observed 
with our independent MOIRCS data and selected as 
narrow-band excess sources, supporting the reliability of 
our sample selection (see Figure 5 and Figure 9) . Finally, we 
obtained optical spectroscopy of the 0200+015-C3-HAE2 
using LRIS on Keck, the second brightest HAE in the 
0200+015 field. The 0200+015-C3-HAE2 is a member of 
the over-density and 1.8arcmin (900 kpc at z =2.23 in 
projection) away from the HzRG. The spectrum confirms 
that this galaxy is at z — 2.235. We present the spectrum of 
this source in Figure 6, which shows strong Lya, Civ 1549 
and Hen 1640 emissions lines with velocity widths of 

3 If there is a galaxy over-density around the QSOs, a signature 
might appear as associated abso rption lines in the spectrum 
of b a ckground QSOs (e.g. lYoung, Sargent, &; Boksenbere 
19821: IChen. Lanzetta. fc Webbl l200ll : IWilman et al.l 120071 : 
Crighton et al.ll2010l ). There is one background S PSS QSOs at 
z =3.045 behind this structure dShen et alJl2007h . However, we 
could not see any clear Lyo; absorption-line nor Civ absorption 
between z =2.216-2.245 in its spectrum. 
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Figure 6. The one dimensional optical spectrum of the second 
brightest HAE (0200+015-C3-HAE2) in the 0200+015 field. We 
see strong emission lines corresponding to Lya, Civ 1549 and 
Hell 1640 which yield a redshift of z = 2.235, confirming this as an 
Hen-selected source. The strength of Hell and the velocity widths 
of FWHM ~ 1000 kms" 1 for these lines indicate that this HAE is 
a narrow-line AGN. This spectroscopic result confirms that our 
emitter selection works well to identify Ha emitter at z =2.23. 



FWHM -1000 kms -1 , suggesting that this HAE is in fact 
a narrow-line AGN (NLAGN) and further confirms that 
our emitter selection works well to identify Ha emitter at 
z =2.23. 

SSA 13: We also find a hint for a local over-density of 
emitters in the SSA 13 field. The local over-density in 
the vicinity of the SMG/OFRG concentration and has a 
2.9 a deviation from the average density. The local emitter 
density of this peak is 2.7 times higher than the average 
density. This is the highest density peak in the SSA 13 and 
surrounding control fields (see Figure B3). All the SMGs 
and OFRGs are detected in if-band and their if-band 
magnitudes are co nsistent with the previous results from 
ISmail et al.1 (2004). However, none of them are selected 
as emitter candidates, although we detect four out of the 
five SMGs or OFRGs in our H 2 S1 image (see Figure 2). 
This may be due to the relatively shallow depth of the 
H 2 S1 image in SSA 13 (Table 2). For two of the OFRGs 
in this field the observed Ha equivalent widths have been 
spectroscopically meas ured to be EWobs = 65A and 80A 
(|Swinbank et al l 120041 ). However, a source with K > 19 
needs to exhibit a narrow-band excess of K — H2SI > 1 
or EWobs ^ 400A to comply with our emitter selection 
criteria. The Ha of the undetected SMG at z =2.247 falls 
near the edge of the H2SI transmission curve (see Figure 1). 

We examine the emission-line morphology of the 
emitter candidates with £ ^4 (Figure 7). The mag- 
nitudes and isophotal areas are measured in the con- 
tinuum corrected H2SI images with isophotes deter- 
mined with ~2a surface brightness thresholds of 1.0, 1.4 
and 2.3 x 10 -17 ergs -1 cm -2 arcsec -2 for the 2QZ cluster, 
0200+015 and SSA 13 fields respectively. While the isopho- 
tal areas of most of the emitter candidates are similar to, 
or somewhat larger than, the sequence of the point sources, 
several emitters in the 2QZ cluster and 0200+015 fields show 
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Figure 7. The continuum corrected H2SI magnitude versus the continuum corrected H2SI isophotal area for emitter candidates with 
X ^ 4. The grey-scale bands represent the point source track without narrow-band excess, while the filled circles indicate those emitters 
lying on the same chip as the target in each field and the open circles are the emitters in the surrounding control fields. In addition, we 
highlight the target QSOs and HzRG and label other sources using the naming scheme from Tables Al and A2. The isophotal areas of 
the point sources show a characteristic variation with magnitude and so we can conclude those narrow-band excess sources significantly 
above this envelope are well resolved. In particular, HAE17 in the 2QZ cluster field, shows an isophotal area some three times larger 
than the locus of point sources in the same magnitude range indicating it is very extended. The magnitudes and area are measured with 
isophotes determined with ~2cr surface brightness thresholds of 1.0, 1.4 and 2.3 x 10 _17 ergs _1 cm -2 arcsec -2 for the 2QZ cluster, 
0200+015 and SSA 13 fields respectively. 
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Figure 8. False colour image (blue for SCAM z f , green 
for H 2 S1, and red for K) of the brightest QSO, HAE1 
(2QZJ100412. 8+001257) and the extended HAE candidate, 
HAE17, in the 2QZ cluster field. The angular separation be- 
tween the HAE1 and HAE17 is 34 arcsec (~ 300 kpc in projec- 
tion). HAE17 appears to have an extended emission-line nebula 
with a spatial extent of ~ 7.5 arcsec (~ 60 kpc at z = 2.23) and an 



Ha luminosity of 6 x 10 ergs 



significantly larger isophotal areas than expected for point 
sources. 

The giant HAE candidate in the 2QZ field is HAE17, 
referred to as 2QZC-C1-HAE17 in Table Al, and this has 
a spatial extent of ~ 7.5 arcsec (60 kpc at z = 2.23) in our 
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Figure 9. Subaru/MOIRCS thumbnail images of the HAEs in 
the over-density around the HzRG in the 0200+015 field. The 
size of the images is 5 x 5 arcsec (~40 x 40 kpc). The seeing size 
of the images are FWHM = 0.5 arcsec. All the four emitter satisfy 
the BzK criteria, indicating that HAE4 and HAE6 are also likely 
to be at z ~2.23. We see that HAE1, 2, and 4 exhibit extended 
Hen emission on scales of ~ 3-5 arcsec (or 25-40 kpc), while HAE6 
appears to be compact. The same magnitude range is used to 
display for the MOIRCS images. The contours show the bright 
peaks. 
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Figure 10. Growth curves of the emission-line fluxes of two typ- 
ical extended and compact HAEs with MOIRCS imaging in the 
0200+015 field. The solid curves show fractions of covered fluxes 
of two representative HAEs: HAE4 (Extended), HAE6 (Com- 
pact), and a point spread function (PSF) corresponding to the 
0.5 arcsec seeing MOIRCS Ha images. The dashed curves show 
the fractions of the rest-frame UV continuum in the 1.0 arcsec 
SCAM £>-band images. The total fluxes are measured with a 
2.5 arcsec diameter and normalized to unity. The dashed verti- 
cal line indicates the 1.5 arcsec radius aperture photometry used 
in this work. The dotted vertical line shows t he 0.6 arcsec radius 
of fibre of Subaru/FMOS dKimura et al.l2010h . This suggests that 
the FMOS fibre may miss up to ~ 40-80% of the total emission- 
line fluxes from most extended Ha emitters at z ~ 2. However, 
aperture corrections based on the rest-frame UV continuum im- 
ages should be able to recover most of the fluxes within 20% 
uncertainty levels. 

narrow-band image. This HAE is only 34 arcsec (~ 300 kpc) 
from the brightest target QSO (HAE1) in this region (see 
Figure 8) and the continuum source associated with HAE17 
satisfies the BzK criteria, suggesting that this is likely to be 
an Ha emission-line nebula at z =2.23. The emission-line 
nebula has a continuum-corrected H2SI magnitude of 19.0 
mag in an isophotal aperture with an area of 9.4 arcsec 2 , 
corresponding to an emission-line flux of 1.7 x 10 -16 ergs -1 
cm -2 or an Ha luminosity of 6 x 10 42 ergs _1 . There is no 
evidence for an optically bright AGN in HAE 17 as the con- 
tinuum source is spatially resolved in the B and z'-band 
images and in addition the HAE does not have any bright 
radio source with fiAGHz ^ 1 mJy in the VLA FIRST cat- 
alog (Bec ker. White, fe Helfandl [l995). suggesting that it is 
not similar to the extended emission- line nebulae ofte n seen 
around powerful radio galaxies (e.g. Mc Carthy! 1 19931 ). such 
as MRC 0200+015 (Figure 9). Unfortunately there is no deep 
X-ray data in this field necessary to further constrain the 
presence of an obscured AGN in this nebula. 

As shown by Figure 7 there are several potentially 
resolved emitters in the 0200+015 field: the HzRG and 
the NLAGN, 0200+015-C3-HAE2, as well as 0200+015- 
C3-HAE4. All show evidence of having larger isophotal 
areas than expected for point sources with their narrow- 
band magnitudes. To investigate the morphologies of these 
HAEs we can make use of the high-quality imaging from 
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MOIRCS in this field. In Figure 9 we show thumbnails of 
the three resolved HAEs from MOIRCS, as well as a fourth 
more compact HAE which falls in the image: 0200+015- 
C3-HAE6. This figure clearly demonstrates the presence of 
bright Ha emission-line nebulae around the HzRG and the 
NLAGN, 0200+015-C3-HAE2, with spatial extents of 4- 
5 arcsec corresponding to ~ 30-40 kpc at z =2.23, while 
0200+015-C3-HAE4 also exhibits fainter but similarly ex- 
tended emission-line nebulosity. The if-band morphology of 
HAE4 also seems extended on 3 arcsec or ~ 30 kpc scales, 
with the Ha emission-line peaking on the outer edge of the 
K-band structure. These properties of the HAE 4 may resem- 
ble t o galaxies with large disks at z = 1.4 — 3 ([Labbe et al.l 
l20Q3h . These extended HAEs, along with HAE17 in the 2QZ 
field, are obviously relatively common and indicate that star 
formation is occuring over large regions, comparable to the 
size of massive galaxies at the present day, even at z =2.23. 
Current surveys of the HAEs in lower density regions at this 
epoch have turned up few such examples (e.g. Figure 7 and 
G08) and so it is possible that these extended emission-line 
nebulae are an environmental signature, as has been found 
for giant Lya nebu l ae (Lya blobs, e.g. ISteidel et al.l 12 000 ; 
Palunas et aP 120041 : iMatsuda et~ai] I20Q4L 120091 : lYang et al.l 
20101). 

We can also use the MOIRCS imaging to determine the 
efficiency of fibre spectrograph surve ys of HAEs using in - 
struments such as FMOS on Subaru ([Kimura et al.ll2010h . 
In Figure 10, we therefore show the growth curves of the 
emission-line fluxes from two examples of extended and com- 
pact HAEs (0200+015-C3-HAE4 and HAE6) as a function 
of photometric aperture using the MOIRCS continuum cor- 
rected H2SI image. For comparison, we also plot a point 
spread function (PSF) using a bright star in the MOIRCS 
H2SI image. This result suggests that the ~ 10-40% of the 
total fluxes are missing in the 3 arcsec diameter aperture 
used in this work, while ~ 40-80% could be missed if we 
measured the flux in a 1.2 arcsec diameter aperture fibre 
similar to Subaru/FMOS. This suggests that care must be 
taken to assess the fibre losses for such spectroscopic surveys, 
even of high-redshift galaxies, as a fraction of the targets 
may exhibit highly extended emission. However, as Figure 10 
demonstrates, in these cases aperture corrections using rest- 
frame UV continuum images could be employed to correct 
these losses and should all the recovery of ~ 80-100% of the 
total fluxes. 

Finally, in Figure 11 we plot the observed if -band 
magnitudes and equivalent widths of the emitters as a 
function of the emitter local over-densities (the local den- 
sities around each emitters are calculated excluding the 
source itself). In order to select an homogeneous emitter 
sample from the three fields, given their different depths, 
we exclude emitter candidates in the 2QZ cluster and 
0200+015 fields below the detection limit in the SSA 13 field 
(/ < 1 x 10 -16 erg s _1 cm -2 ). From this combined sample, 
we also exclude potential AGNs with emission-line fluxes 
similar to those of target QSOs and HzRG (/ > 7 X 10" 16 
erg s _1 cm -2 ), this then means we can crudely relate the 
if-band magnitude to a measure of the stellar mass of the 
galaxies, assuming that all the HAEs have roughly com- 
parable mass-to-light ratios. We therefore use the relation 
estimated from G08, log 10 M* ~ -0.4 xif(mag) + 18.45, to 
convert our if -band magnitudes into stellar masses. In a 
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Figure 11. The local over-density versus the observed K-band magnitude (a) and equivalent widths (b) of emitter candidates with Ha 
luminosity of Ln a =0.35-2 x 10 43 ergs -1 . Both of the K-band magnitudes and equivalent widths show weak correlations with the local 
over-density. At z =2.23, star-forming galaxies in over-dense environments seem to have brighter X-band magnitudes, and thus possibly 
masses, compared to those in under-dense environments. The filled circles indicate those emitters lying on the same chip as the target 
in each field, while the open circles are the emitters in the surrounding control fields. The shaded regions highlight the number densities 
of the distributions of emitters. We label each panel with Spearman's rank correlation coefficient for the distribution, r s , indicating the 
presence of weak correlations in both these plots. 



similar manner, as the Ha luminosity i s a good indicator 
of star- format ion rate ([Kennicuttl fl998). we can use our 
Ha equivalent width for the HAEs to estimate their spe- 
cific star formation rate (SSFR). We show both of these 
inferred properties in Figure 11. We see that both the K- 
band magnitudes and equivalent widths (or stellar mass and 
SSFR) of the resulting sample show weak correlations with 
the local over-density. The Spearman's rank correlation co- 
efficients are r s = —0.21 (if -band magnitude), and —0.27 
(equivalent width), respectively, indicating that the sample 
distributions are consistent with random distributions at 8% 
(if-band magnitude) and 3% (equivalent width) confidence 
levels. Thus our observations suggest there is weak evidence 
that the emitters in over-dense region tend to have smaller 
SSFR compared to those in under-dense environments, po- 
tentially indicating accelerated evolutio n in the build-up of 
galaxies in dense regions at z = 2.23 ( cf. ISteidel et al . 2005; 
iTanaka et all 1 20 id : [Hatch et al.ll201lh . 



5 DISCUSSION AND CONCLUSIONS 

We have undertaken a narrow-band imaging survey of three 
target fields which contain potential signpost of rare over- 
dense regions with space densities of ~ 10 -7 -10 -8 Mpc -3 
and local control fields to assess the significance of any over- 
densities. Our survey detects 137 emitter candidates in a 
volume of 2.1 x 10 5 comovingMpc 3 at z = 2.23 down to lim- 
iting Ha fluxes of ~ 0.5-1 x 10 -16 ergs -1 cm -2 (equivalent 
to attenuation un-corrected SFR of > 14-28 yr -1 or a 
dust-corrected SFR of > 70-190 M yr" 1 ). This is one of the 
largest HAE samples currently available at z > 2. Based on 



supporting optical imaging of these fields, we estimate that 
at least 80% of these narrow-band excess sources likely cor- 
respond to HAEs at z —2.23. We have confirmed the relia- 
bility of our sample selection in one field, 0200+015, by us- 
ing independent H2SI observations from MOIRCS/Subaru, 
recovering all four HAEs selected in the overlap area from 
our WFCAM imaging, and also spectroscopically confirmed 
that one of the bright emitters in this field is an Ha source 
at z =2.235. 

Wide-field narrow-band Ha survey is one of the most 
effective routes to map over-dense regions of star-forming 
galaxies at high redshift. Our analysis of the density dis- 
tribution of emitters in our survey, using statistical cor- 
rections for the blank-field density (including any potential 
foreground or background contamination) derived from the 
parallel control fields, indicates the presence of 3 a local over- 
densities in all three of our target fields. In the 2QZ cluster 
field the over-dense regions of emitters displays a filamen- 
tary structure connecting the four target z = 2.23 QSOs. 
This is similar to the large-scale filamentary structure of 
Lyq emitters found around the SSA22 z = 3.1 protocluster 
(ISteidel et al.1 Il998l : lHavashino et all 120041 : iMatsuda et~ai1 
l2005h . Although the over-densities in the vicinities of the 
QSOs are small (5 ~0-l), there is the density peak with 
5 ~3 surrounded by these QSOs. These properties may 
be similar to the large-scale structure found a r ound an- 
other QSO cluster at z = 1.1 (|Tanaka et al.1 1200(1 lioOlh . In 
the HzRG and SMG/OFRG fields, there are smaller-scale 
over-dense regions in the vicinities of the targets,with peak 
over-densities of S ~ 2. These structures are comparable, 
if slightly smaller, than those found in other Ha surveys 
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for pr o to-clusters around HzRGs at z > 2 (e .g. iKurk et al.l 
l2004al : iTanaka et alJlipTol ; lHatch et al.ll2Qllh . In part this 
may reflect the fact that our survey is ~ 5-10 times wider 
but ^ 5-10 times shallower than these surveys. It is there- 
fore possible that the structures found in this survey are 
just the tips of more significant, underlying proto-clusters. 
Future deeper H2SI imaging observations will more accu- 
rately reveal the true over-densities of these structures. 



Narrow-band Ha survey is also useful to understand 
the relation between the growth of galaxies and their sur- 
rounding large-scale structures. We could not find any clear 
difference between the Ha luminosity functions in the target 
and control (or blank) fields. However, analysing our sam- 
ple of emitters and their environments, we find that their 
if-band magnitudes and equivalent widths (crudely corre- 
sponding to stellar mass and specific star-formation rate) 
show weak correlations with the local over- densities of the 
emitters. These results hint at the possibility that the emit- 
ters in over-dense region may be more evolved systems com- 
pared to those in under-dense regions. This would be con- 
sistent with the picture that star- format ion activity is ac- 
celerated (or enhanced) in galaxies in over-dense regions at 
z >2. Similar results have also been rep orted from the pre- 
vious studies of proto-clusters at z > 2 ([Steidel et al . 2005; 
ITanaka et all 1 20 id : [Hatch et al.ll201lh . 



Deep narrow-band imaging also enables us to examine 
the Ha morphology of emitters, which provides us with in- 
formation on star-formation activity in high-redshift galax- 
ies during their formation phase and/or on their surrounding 
circum galactic medium. In the 0200+015 field, our deeper, 
higher-resolution MOIRCS narrow-band imaging confirms 
that the Ha emission from three HAEs (including both the 
HzRG and the newly discovered narrow-line AGN) is sig- 
nificantly extended on scales of 25-40 kpc. We find several 
examples of such extended HAEs in our target fields, includ- 
ing a striking example in the 2QZ field, suggesting that these 
are relatively common in high-density regions, with no clear 
examples in our control field or reported in the field survey of 
G08. The spatial extent of these systems, ~ 30-60 kpc, sug- 
gests that star formation at z =2.23 is occuring over regions 
in these galaxies comparable to the size of the largest galax- 
ies at the present day or large-scale gas outflows are interact- 
ing with the surrounding circum galactic medium in over- 
dense environments. Looking at the Ha luminosity of the 
most extended example, 6 x 10 42 ergs _1 for HAE17 in the 
2QZ field, if w e assume Lyq/Ha — 8.75 (case B and n o dust 
extinction, e.g. lMcCarthv Elston, &; Eisenhardtll 19921 ). then 
its Lya luminosity is expected to be 5 x 10 43 ergs -1 , which 
would make its spatial extent a nd Lya luminosity co mpara- 
ble to those of giant Lya blobs (jMatsuda et al.ll201lh . How- 
ever, we need spectroscopic follow-up or deeper Ha imaging 
to confirm that this extended emission-line nebula is real 
and is the first Ha blob. More generally, future higher reso- 
lution Ha imaging and integral field spectroscopic observa- 
tions are essential to investigate the star- format ion activiy 
and gas dynamics and metallicity of the inter-stellar medium 
in these spatially-extended emitters to constrain their role 
in galaxy formation. 
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APPENDIX A: TABLES AND THUMBNAIL 
IMAGES OF Ha EMITTER CANDIDATES 

APPENDIX B: FULL SKY MAPS OF 
EMITTERS 
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Figure Al. WFCAM thumbnail images of the emitter candidates in the 2QZ cluster and surrounding control fields. The size of the 
images is 10 x 10 arcsec 2 (~ 80 x 80kpc 2 ). The circle in the bottom-left panel shows the size of the 3arcsec aperture for photometry. 
The same magnitude range are used to display for all the images. 
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Table Al. Properties of the emitter candidates in the 2QZ cluster (CI) and the control fields (C2, C3, and C4) 



ID Coordinate (J2000) H 2 S1 K E EW ohs log F° a log L^ a SFR^ Note 

(h:m:s) (d:m:s) (mag) (mag) (A) (cgs) (cgs) 
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11.3 




2QZC-C1-HAE5 


10:03: 


:25, 


,05 


+00: 


09: 


:20. 


.5 


18, 


,66 


18.93 


3.0 


66 


-16. 


,24 


42. 


,33 


90 


10.9 




2QZC-C1-HAE6 


10:04: 


:09. 


,08 


+00: 


15: 


:45, 


,9 


18, 


,80 


19.12 


3.0 


78 


-16, 


,24 


42, 


,32 


88 


10.8 


BzK 


2QZC-C1-HAE7 


10:03: 


:38, 


,19 


+00: 


14: 


:35. 


.2 


18, 


,97 


20.95 


8.5 


1758 


-15. 


,79 


42 


,77 


316 


10.1 


BzK 


2QZC-C1-HAE8 


10:03: 


:26. 


,43 


+00: 


13: 


:01. 


.2 


19 


,13 


20.15 


5.3 


391 


-15. 


,99 


42, 


,57 


179 


10.4 


BzK 


2QZC-C1-HAE9 


10:03: 


:32, 


,97 


+00: 


10: 


:04. 


.5 


19 


,27 


20.03 


3.8 


241 


-16. 


,13 


42. 


,43 


120 


10.4 


BzK 


2QZC-C1-HAE10 


10:04: 


:04. 


,29 


+00: 


14: 


:14, 


.4 


19, 


,34 


19.90 


2.9 


156 


-16. 


,26 


42, 


,30 


84 


10.5 


BzK 


2QZC-C1-HAE11 


10:03: 


:33 


,09 


+00: 


21: 


:28, 


.4 


19 


,50 


20.98 


4.6 


808 


-16. 


,05 


42 


,51 


151 


10.1 


BzK 


2QZC-C1-HAE12 


10:03: 


:33 


,57 


+00: 


21: 


:22, 


.8 


19, 


,52 


20.50 


3.7 


369 


-16. 


,16 


42, 


,41 


113 


10.2 


BzK 


2QZC-C1-HAE13 


10:03: 


:24. 


,48 


+00: 


10: 


:52, 


,4 


19, 


,52 


20.40 


3.4 


307 


-16. 


,19 


42, 


,38 


103 


10.3 


BzK 


2QZC-C1-HAE14 


10:03: 


:43. 


,28 


+00: 


11: 


:44, 


.5 


19, 


,53 


20.48 


3.5 


344 


-16, 


,17 


42, 


,39 


108 


10.3 


BzK 


2QZC-C1-HAE15 


10:03: 


:43. 


,84 


+00: 


14: 


:20. 


,2 


19, 


,53 


20.24 


2.9 


221 


-16, 


,26 


42, 


,31 


85 


10.4 


BzK 


2QZC-C1-HAE16 


10:03: 


:39 


,78 


+00: 


11: 


:15. 


.8 


19 


,57 


20.36 


3.0 


257 


-16. 


,24 


42 


,32 


88 


10.3 


BzK 


2QZC-C1-HAE17 


10:04: 


:12. 


,16 


+00: 


13: 


:29. 


,7 


19, 


,60 


21.95 


5.0 


3460 


-16. 


,02 


42, 


,54 


165 


9.7 


BzK 


2QZC-C1-HAE18 


10:03: 


:27, 


,82 


+00: 


10: 


:58. 


.6 


19, 


,67 


21.04 


3.8 


682 


-16. 


,14 


42 


,42 


118 


10.0 


BzK 


2QZC-C1-HAE19 


10:03: 


:24. 


,89 


+00: 


08: 


:31. 


.8 


19, 


,71 


>22.15 


>4.6 


>4237 


-16, 


,06 


42, 


,50 


148 


<9.6 




2QZC-C1-HAE20 


10:04 


;16 


,74 


+00: 


:18: 


:33 


,0 


19 


,82 


21.25 


3.4 


745 


-16 


.19 


42 


.37 


102 


9.9 




2QZC-C1-HAE21 


10:04 


:02 


.90 


+00: 


:18: 


:52, 


,5 


19 


.85 


>22.15 


>4.0 


>3167 


-16 


.12 


42 


.44 


124 


<9.6 




2QZC-C1-HAE22 


10:03 


;40 


,59 


+00: 


10: 


:07, 


,1 


19 


.86 


20.83 


2.6 


356 


-16 


.30 


42 


.26 


75 


10.1 





a The Ha flux (erg s _1 cm -2 ) corrected for 33% [Nil] contribution to the measured flux. 
b The Ha luminosity (erg s _1 ). 

c The attenuation corrected star- formation rate derived from the Ha luminosity (Mq yr — 1 ). 

d The stellar mass estimated from the X-band magnitude by assuming a constant mass-to-light ratio from Geac h et al . (2008). 
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Table Al. continued 



ID 


Coordinate (J2000) 


H 2 S1 


K 


S 


EW ohs 


lQ S ^Ha 


log L b Ua 


Ho 


Note 




(h:m:s) (d:m:s) 


(mag) 


(mag) 




(A) 


(cgs) 


(cgs) 




907P po U A Pi 


io-o^-ii 89 -i_oo-i4-i8 ^ 

lU.UO.ll.OZ -pUU. 141. lO.O 


±0.00 


1 8 1 A 
lo. 141 


PA ^ 
041.0 


89/L 
oZ4t 


1 A Q1 

-i4t. y 1 


4LO.OO 


^778 
0/10 


119 
1 1 . Z 


on7P po UAUO 
Z V^Zj v^- v^Z-li/\ JZjZ 


-loo-io-^8 7 
iu.uo.iz.oy -|-uu. iu.oo. i 


17 Q1 

1 / .yi 


1 8 9fl 
lO.ZU 


P ^ 
O.O 


70 
/ U 


1 ^ Q9 

-10. yz 


AO f\A 
4LZ.04L 


91 Q 

ziy 


119 
1 1 . Z 


c yC\ r 7C i> P9 TTATh 1 ^ 

Z^/j^-^Z-I1/\JZjO 


lo-o^-^fisi _i_oo- i /i • i q a 
iu.uo.oo.oi -|-uu. ±4t. iy .4t 


lo.ol 


90 PI 
ZU.O 1 


Q P 

y .0 


1 /IfiQ 

i4toy 


1 ^ 7*3 

-10. / 


/19 8*3 
4LZ.OO 


^70 
O 1 u 


10 9 
1U.Z 


9P7P P9 TTAFM 

Z Zj L> - V^y Z - 11 /\ H 41 


in-n^-^A 17 j_oo-i q-^9 4 

iU.UO.o4l.il -|-UU. iy .OZ.4L 


1 8 Q9 
lo.yz 


9fl ^8 
ZU.OO 


8 ^ 
O.O 


1 0^1 
IUOI 


1 ^ 80 

-10. ou 


/L9 7f\ 
41Z. ( D 


ouy 


10 9 
1U.Z 


ZV^Zj^-I^Z-jTL/^jlL/O 


1 ^ 08 _l nn. 19.n1 8 

1U.U0.10.UO -|-UU. iZ.Ui.o 


1 Q C\P 

iy .uo 


1 Q Q8 

iy .yo 


0.4L 


^^1 
ool 


1 ^ QQ 

-10. yy 


/19 ^7 
4LZ.0 l 


1 80 
IOU 


10^ 
1U.O 


2QZC-C2-HAE6 


10:05:18.63 +00:14:20.9 


19.25 


20.14 


4.3 


308 


-16.08 


42.48 


139 


10.4 


2QZC-C2-HAE7 


10:05:40.32 +00:11:09.1 


19.27 


20.38 


4.9 


450 


-16.03 


42.53 


161 


10.3 


2QZC-C2-HAE8 


10:05:24.12 +00:19:39.4 


19.28 


20.10 


4.1 


276 


-16.11 


42.45 


128 


10.4 


2QZC-C2-HAE9 


10:05:26.89 +00:14:36.4 


19.38 


20.02 


3.1 


193 


-16.22 


42.34 


93 


10.4 


2QZC-C2-HAE10 


10:05:29.41 +00:19:59.4 


19.44 


20.21 


3.3 


250 


-16.19 


42.37 


101 


10.4 


2QZC-C2-HAE11 


10:05:15.88 +00:14:08.7 


19.45 


20.39 


3.7 


337 


-16.15 


42.42 


116 


10.3 


2QZC-C2-HAE12 


10:05:32.07 +00:09:00.4 


19.45 


20.00 


2.5 


151 


-16.31 


42.25 


72 


10.5 


2QZC-C2-HAE13 


10:05:12.95 +00:09:10.2 


19.68 


21.05 


3.8 


680 


-16.14 


42.42 


118 


10.0 


2QZC-C2-HAE14 


10:05:14.51 +00:17:36.5 


19.75 


21.43 


3.9 


1084 


-16.13 


42.43 


121 


9.9 


2QZC-C2-HAE15 


10:05:51.55 +00:13:16.4 


19.76 


21.61 


4.0 


1436 


-16.12 


42.45 


126 


9.8 


2QZC-C2-HAE16 


10:05:10.98 +00:19:55.6 


19.87 


21.66 


3.6 


1312 


-16.17 


42.40 


110 


9.8 


2QZC-C2-HAE17 


10:05:18.32 +00:14:21.0 


19.89 


21.59 


3.4 


1125 


-16.18 


42.38 


104 


9.8 


2QZC-C2-HAE18 


10:05:19.23 +00:15:01.5 


19.90 


>22.15 


>3.8 


>2862 


-16.14 


42.42 


116 


<9.6 


9PI7P PQ HApi 

Z Zj kj - kj O - 11 1\ H 1 


in-n^-iQ oq _i_oo-4o-ifi n 
1u.uo.i3.zo -ruu.4tu. lu.u 


1 8 40 
±0.4tU 


1 Q 1 8 
iy . 10 


8 8 
O.O 




1 ^ 77 
-IO. / / 


A9 7Q 
4tz. 1 y 


^1 
001 


10 8 
1U.O 


9P7P HAT?9 
Z Zj V^y - O O - 11 /\ H/ z 


1U.UO. 1 l .4t4t -|-UU.O I .4t4t.O 


1 8 48 


1 8 7Pi 
10. 1 u 


9 Q 
z.y 


^0 
ou 


1 9fi 
- ID. ZD 


49 ^0 

41Z.OU 


84 
04L- 


110 

ll.U 


9H7P P^ HAF^ 

Z Zj kj - O - ±1 s\ Hi O 


io-o^-^i ri7 -unn-zLi -nn 7 

1u.uo.01.u1 n^uu.4ti.uu. 1 


1 8 71 
lo. 1 l 


1 8 Qfi 
10. yu 


9 7 
z. 1 


fiO 
uu 


1 9Q 
- 10. zy 


42 27 


77 


1 Q 
iu.y 


9P7P PQ TTAFM 

Z Zj Kj - Kj O - 11 /\ H/ 41 


1u.uo.z1.oo -|-uu.oo.zo.o 


1 8 89 
lO.OZ 


1 Q 71 
iy. 1 1 


P ^ 
0.0 


^il 

oiu 


1 ^ Q1 

-10. y 1 


AO f\t\ 
41Z.DO 


997 
ZZ / 


in fi 
1U.D 


9H7P P^ UAF^ 

Z Zj kj - O - JUL t\ Hi O 


io-o^-^ -uoo-4'3-07 q 

1U.UO.OO.UO n^UU.4tO.U i .y 


1 8 84 

10.041 


1 Q 

iy . <jy 


^ 7 
0. 1 


9^8 
zoo 


-10. yu 


49 RO 
41Z.DU 


194 


1 f\ 
1U.D 


9P7P PQ TTAF 1 ^ 

Z Zj Kj - Kj O - -Tl /\ H/ O 


in-n^-^fi 8^ -loo-^q-^i 8 
iu.uo.OD.oD -|-uu.oy.oi.o 


1 Q 09 

iy.uz 


1 Q 4^ 
iy .4to 


^ 1 
0. 1 


119 
1 1Z 


1 (\ 99 
- ID. ZZ 


/L9 1A 
4LZ.04L 


Q4 

y4t 


10 7 
1U. 1 


9P7P PQ TTAF^ 
zv^Zjv^-oo-jn.i-iii/ 1 


in-n^^fi ^0 -uoo-^-o^ n 

1U.UO.ZO.OU tUU.OI.UO.U 


1 Q 07 
iy.u 1 


1 Q Q9 
iy .yz 


o.u 


98^ 
zoo 


1 09 
-1D.UZ 


49 ^4 
4tZ.04t 


1 f\A 
lD4b 


10^ 
1U.O 


2QZC-C3-HAE8 


10:06:00.01 +00:42:33.6 


19.31 


20.71 


5.4 


713 


-15.99 


42.57 


181 


10.2 


2QZC-C3-HAE9 


10:05:36.99 +00:46:20.2 


19.35 


>22.15 


>6.6 


>13565 


-15.90 


42.66 


231 


<9.6 


2QZC-C3-HAE10 


10:05:55.27 +00:44:11.7 


19.43 


20.45 


4.0 


387 


-16.12 


42.45 


126 


10.3 


2QZC-C3-HAE11 


10:06:02.53 +00:43:34.8 


19.44 


21.56 


5.6 


2257 


-15.97 


42.59 


192 


9.8 


2QZC-C3-HAE12 


10:06:03.90 +00:41:06.3 


19.46 


21.59 


5.5 


2281 


-15.97 


42.59 


188 


9.8 


2QZC-C3-HAE13 


10:05:11.91 +00:35:31.2 


19.52 


20.23 


2.9 


221 


-16.25 


42.31 


86 


10.4 


2QZC-C3-HAE14 


10:05:49.59 +00:39:53.2 


19.70 


20.99 


3.6 


599 


-16.16 


42.40 


110 


10.1 


2QZC-C3-HAE15 


10:05:16.28 +00:41:50.4 


19.70 


21.28 


3.9 


934 


-16.12 


42.44 


124 


9.9 


2QZC-C3-HAE16 


10:05:33.56 +00:36:13.9 


19.70 


20.83 


3.3 


463 


-16.20 


42.36 


100 


10.1 


2QZC-C3-HAE17 


10:05:35.09 +00:39:44.7 


19.72 


20.82 


3.2 


444 


-16.21 


42.35 


96 


10.1 


2QZC-C3-HAE18 


10:05:36.78 +00:39:09.2 


19.77 


21.04 


3.3 


587 


-16.19 


42.37 


101 


10.0 


2QZC-C3-HAE19 


10:05:22.24 +00:37:38.4 


19.79 


21.11 


3.3 


634 


-16.19 


42.37 


101 


10.0 


2QZC-C3-HAE20 


10:05:42.34 +00:41:26.0 


19.87 


20.84 


2.6 


353 


-16.30 


42.26 


74 


10.1 


2QZC-C4-HAE1 


10:04:01.76 +00:36:59.4 


18.61 


19.29 


6.6 


206 


-15.90 


42.66 


230 


10.7 


2QZC-C4-HAE2 


10:03:43.23 +00:41:35.6 


18.93 


19.30 


3.0 


93 


-16.24 


42.32 


89 


10.7 


2QZC-C4-HAE3 


10:03:53.81 +00:36:05.7 


19.54 


21.27 


4.8 


1185 


-16.04 


42.52 


156 


9.9 


2QZC-C4-HAE4 


10:04:08.44 +00:43:09.8 


19.66 


20.95 


3.7 


600 


-16.15 


42.41 


115 


10.1 


2QZC-C4-HAE5 


10:03:54.01 +00:35:37.6 


19.87 


20.79 


2.5 


331 


-16.31 


42.25 


72 


10.1 


2QZC-C4-HAE6 


010:04:08.45 +00:34:58.3 


19.89 


>22.15 


>3.8 


>2913 


-16.14 


42.42 


118 


<9.6 



a The Ha; flux (erg s _1 cm -2 ) corrected for 33% [Nil] contribution to the measured flux. 
b The YLa luminosity (erg s _1 ). 

c The attenuation corrected star- formation rate derived from the YLa luminosity (Mq yr — 1 ). 

d The stellar mass estimated from the X-band magnitude by assuming a constant mass-to-light ratio from[Geach et al] (2008). 
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Table A2. Properties of the emitter candidates in the 0200+015 field (C3) and the control fields (CI, C2, and C4) 



ID 


Coordinate (J2000) 


H 2 S1 


K 


E 


EW ohs 




!°6 1 


Hex 


Mi 


Note 




(h:m:s) (d:m:s) 


(mag) 


(mag) 




(A) 


(cgs) 


(cgs) 






0200-C3-HAE1 


2:02:42.99 +01:49:10.8 


16.48 


18.30 


55.9 


1369 


-14.81 


43.76 


5080 


11.1 


HzRG 


0200-C3-HAE2 


2:02:50.22 +01:48:53.3 


16.57 


18.01 


46.5 


760 


-14.89 


43.68 


4054 


11.2 


NLAGN 


0200-C3-HAE3 


2:02:37.68 +01:44:33.2 


18.19 


19.43 


9.6 


557 


-15.57 


42.99 


589 


10.7 


BzK 


0200-C3-HAE4 


2:02:37.36 +01:48:22.2 


18.47 


19.50 


6.7 


397 


-15.73 


42.84 


378 


10.6 


BzK 


0200-C3-HAE5 


2:03:01.04 +01:52:09.9 


18.85 


19.70 


4.2 


288 


-15.93 


42.63 


212 


10.6 




0200-C3-HAE6 


2:02:46.98 +01:47:54.2 


19.08 


20.69 


4.8 


984 


-15.87 


42.69 


254 


10.2 


BzK 


0200-C3-HAE7 


2:02:19.37 +01:55:39.8 


19.13 


20.13 


3.6 


375 


-16.00 


42.56 


175 


10.4 


BzK 


0200-C3-HAE8 


2:02:24.55 +01:56:06.4 


19.18 


20.23 


3.5 


411 


-16.00 


42.56 


174 


10.4 




0200-C3-HAE9 


2:03:02.81 +01:49:20.5 


19.35 


20.15 


2.6 


265 


-16.15 


42.42 


116 


10.4 


BzK 


0200-C3-HAE10 


2:02:51.92 +01:50:02.9 


19.36 


20.19 


2.6 


280 


-16.14 


42.42 


118 


10.4 


BzK 


0200-C3-HAE11 


2:02:34.33 +01:44:58.9 


19.47 


20.57 


2.8 


442 


-16.11 


42.45 


128 


10.2 


BzK 


0200-C1-HAE1 


2:01:03.23 +01:20:09.7 


17.74 


18.29 


8.5 


155 


-15.62 


42.94 


508 


11.1 




0200-C1-HAE2 


2:01:21.56 +01:24:45.0 


18.32 


18.58 


2.6 


61 


-16.13 


42.43 


121 


11.0 




0200-C1-HAE3 


2:00:36.54 +01:20:18.0 


18.69 


19.71 


5.4 


387 


-15.82 


42.74 


291 


10.6 




0200-C1-HAE4 


2:01:06.09 +01:23:30.8 


18.73 


20.09 


6.1 


664 


-15.77 


42.80 


339 


10.4 




0200-C1-HAE5 


2:00:38.81 +01:22:56.7 


18.94 


20.00 


4.4 


409 


-15.91 


42.65 


225 


10.5 




0200-C1-HAE6 


2:00:36.58 +01:19:53.7 


19.08 


20.36 


4.3 


590 


-15.92 


42.65 


221 


10.3 




0200-C1-HAE7 


2:00:57.57 +01:19:39.2 


19.11 


21.05 


5.0 


1635 


-15.85 


42.71 


266 


10.0 




0200-C1-HAE8 


2:00:43.94 +01:26:14.8 


19.18 


21.06 


4.7 


1485 


-15.88 


42.68 


243 


10.0 




0200-C1-HAE9 


2:00:33.53 +01:21:28.7 


19.19 


20.48 


3.9 


602 


-15.96 


42.60 


196 


10.3 




0200-C1-HAE10 


2:01:05.81 +01:23:50.3 


19.23 


21.63 


4.9 


3931 


-15.87 


42.70 


255 


9.8 




0200-C1-HAE11 


2:00:40.04 +01:19:22.0 


19.35 


20.88 


3.7 


863 


-15.99 


42.57 


181 


10.1 




0200-C1-HAE12 


2:01:07.72 +01:28:22.6 


19.41 


>21.75 


>4.1 


>3438 


-15.94 


42.62 


206 


<9.8 




0200-C2-HAE1 


2:03:08.25 +01:28:18.1 


16.44 


17.26 


37.6 


273 


-14.98 


43.58 


3121 


11.5 




0200-C2-HAE2 


2:02:16.71 +01:30:06.7 


17.99 


18.59 


7.3 


176 


-15.69 


42.87 


420 


11.0 




0200-C2-HAE3 


2:02:52.26 +01:29:33.7 


18.16 


18.77 


6.3 


178 


-15.75 


42.81 


349 


10.9 




0200-C2-HAE4 


2:02:50.60 +01:24:55.1 


18.51 


19.57 


6.6 


417 


-15.73 


42.83 


371 


10.6 




0200-C2-HAE5 


2:02:52.81 +01:23:00.1 


18.83 


19.84 


4.8 


385 


-15.87 


42.69 


250 


10.5 




0200-C2-HAE6 


2:02:51.23 +01:30:57.2 


18.85 


19.97 


4.9 


456 


-15.86 


42.70 


260 


10.5 




0200-C2-HAE7 


2:02:46.26 +01:21:46.2 


18.89 


20.90 


6.2 


1839 


-15.76 


42.81 


347 


10.1 




0200-C2-HAE8 


2:03:00.80 +01:27:05.4 


18.93 


19.45 


2.7 


144 


-16.12 


42.45 


126 


10.7 




0200-C2-HAE9 


2:03:05.95 +01:28:22.9 


19.17 


20.61 


4.2 


762 


-15.93 


42.64 


216 


10.2 




0200-C2-HAE10 


2:02:51.75 +01:24:21.8 


19.19 


20.14 


3.3 


344 


-16.04 


42.53 


158 


10.4 




0200-C2-HAE11 


2:02:19.56 +01:30:54.0 


19.21 


20.54 


3.9 


639 


-15.96 


42.60 


195 


10.2 




0200-C2-HAE12 


2:02:19.72 +01:21:32.2 


19.28 


20.90 


4.0 


998 


-15.95 


42.61 


201 


10.1 




0200-C2-HAE13 


2:02:40.64 +01:30:18.2 


19.41 


>21.75 


>4.1 


>3445 


-15.94 


42.62 


206 


<9.8 




0200-C2-HAE14 


2:02:20.53 +01:18:16.1 


19.44 


20.45 


2.7 


384 


-16.12 


42.44 


125 


10.3 




0200-C2-HAE15 


2:02:16.49 +01:29:17.8 


19.45 


20.65 


3.0 


521 


-16.08 


42.48 


139 


10.2 




0200-C2-HAE16 


2:03:04.90 +01:29:38.8 


19.47 


21.12 


3.4 


1046 


-16.02 


42.54 


165 


10.0 




0200-C4-HAE1 


2:01:04.87 +01:50:43.6 


17.41 


17.65 


5.6 


55 


-15.80 


42.76 


306 


11.4 




0200-C4-HAE2 


2:00:57.44 +01:50:06.2 


17.91 


18.20 


4.2 


69 


-15.93 


42.63 


214 


11.2 




0200-C4-HAE3 


2:00:51.42 +01:45:56.2 


18.18 


18.55 


4.2 


94 


-15.93 


42.63 


210 


11.0 




0200-C4-HAE4 


2:00:53.01 +01:47:18.6 


18.43 


18.71 


2.6 


68 


-16.13 


42.43 


120 


11.0 




0200-C4-HAE5 


2:01:12.56 +01:45:14.7 


18.72 


19.74 


5.3 


388 


-15.83 


42.73 


283 


10.6 




0200-C4-HAE6 


2:00:47.83 +01:44:55.2 


19.02 


19.56 


2.6 


154 


-16.13 


42.43 


120 


10.6 




0200-C4-HAE7 


2:01:07.59 +01:44:34.1 


19.24 


20.87 


4.2 


1012 


-15.93 


42.63 


213 


10.1 




0200-C4-HAE8 


2:01:05.52 +01:48:03.1 


19.27 


21.15 


4.3 


1509 


-15.92 


42.65 


222 


10.0 




0200-C4-HAE9 


2:01:05.89 +01:48:13.6 


19.37 


20.59 


3.2 


537 


-16.04 


42.52 


155 


10.2 




0200-C4-HAE10 


2:00:48.00 +01:50:10.0 


19.45 


20.38 


2.5 


331 


-16.15 


42.42 


116 


10.3 




0200-C4-HAE11 


2:00:51.62 +01:47:20.2 


19.46 


20.77 


3.1 


617 


-16.07 


42.50 


145 


10.1 




0200-C4-HAE12 


2:00:55.98 +01:44:36.2 


19.50 


20.50 


2.6 


378 


-16.14 


42.42 


116 


10.2 





a The Ha flux (erg s _1 cm -2 ) corrected for 33% [Nil] contribution to the measured flux. 
b The Ha luminosity (erg s _1 ). 

c The attenuation corrected star- formation rate derived from the Ha luminosity (Mq yr — 1 ). 

d The stellar mass estimated from the K-band magnitude by assuming a constant mass-to-light ratio from lGeach et all (2008). 
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Figure A2. WFCAM thumbnail images of the emitter candidates in the 0200+015 and surrounding control fields. The size of the images 
is 10 x 10 arcsec 2 (~ 80 x 80kpc 2 ). The circle in the bottom-left panel shows the size of the 3arcsec aperture for photometry. The same 
magnitude range are used to display for all the images. 
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Table A3. Properties of the emitter candidates in the SSA 13 (CI) and the control fields (C2, C3, and C4) 



ID 


Coordinate (J2000) 


H 2 S1 


K 


S 


EW ohs 


l0 § *S« 




Hex 




Note 




(h:m:s) 


(d:m:s) 


(mag) 


(mag) 




(A) 


(cgs) 


(cgs) 






SS A 1 ^ PI HAF1 


1 Q. 1 0.07 on 

lo:lz:z7.8U 


l A O. A O.OC C 

+4z:4z:zo.o 


17.76 


17.99 


2.6 


53 


-15.95 


42.61 


201 


11.3 




SSA 1 ^-Cll-HAF? 


13:12:36.58 


+42:40:02.5 


18.26 


19.04 


4.5 


254 


-15.72 


42.84 


387 


10.8 


BzK 


SSA 13-C1-HAE3 


13:12:42.53 


+42:41:56.0 


18.68 


19.31 


2.6 


187 


-15.95 


42.61 


201 


10.7 


BzK 


SSA 13-C1-HAE4 


13:13:07.72 


+42:34:41.0 


18.71 


19.81 


3.7 


445 


-15.80 


42.76 


304 


10.5 


BzK 


SSA 13-C1-HAE5 


13:12:10.36 


+42:43:10.6 


18.81 


19.64 


2.8 


279 


-15.92 


42.64 


218 


10.6 


BzK 


SSA 13-C1-HAE6 


13:11:59.75 


+42:42:53.3 


18.98 


20.14 


3.0 


490 


-15.90 


42.66 


231 


10.4 


BzK 


SSA 1 ^_ri9-H AF,1 


-l Q . 1 A . A A OA 

lo: 14:44. z4 


1 A O. O K. 1 Q T 

+4z:oo:lo.7 


18.84 


19.94 


3.3 


445 


-15.86 


42.70 


261 


10.5 




SSA 1S-C9-HAF9 


lo:15:U4.DO 


i /i o. on. A A n 
+4z:oy:44.U 


18.92 


19.83 


2.7 


322 


-15.94 


42.62 


207 


10.5 




SSA 1^-ri9-HAF,^ 


13:15:21.66 


+42:46:29.0 


18.97 


21.11 


3.9 


2331 


-15.78 


42.78 


325 


10.0 




SSA 13-C3-HAE1 


13:15:03.25 


+43:01:42.6 


18.15 


19.28 


6.2 


462 


-15.58 


42.98 


575 


10.7 




SSA 13-C3-HAE2 


13:15:15.31 


+43:09:52.7 


18.32 


18.71 


2.5 


100 


-15.97 


42.59 


190 


11.0 




SSA 13-C3-HAE3 


13:15:13.54 


+43:08:30.1 


18.39 


18.93 


3.0 


150 


-15.89 


42.67 


238 


10.9 




SSA 13-C3-HAE4 


13:15:21.67 


+43:06:01.3 


18.49 


19.61 


4.6 


457 


-15.71 


42.85 


394 


10.6 




SSA 13-C3-HAE5 


13:14:22.61 


+43:04:44.9 


18.78 


19.49 


2.6 


219 


-15.96 


42.61 


197 


10.7 




SSA 13-C4-HAE1 


13:12:39.90 


+43:12:11.9 


17.24 


17.63 


6.7 


99 


-15.55 


43.02 


630 


11.4 




SSA 13-C4-HAE2 


13:11:58.12 


+43:06:47.3 


18.24 


18.71 


3.1 


124 


-15.88 


42.68 


244 


11.0 




SSA 13-C4-HAE3 


13:12:26.80 


+43:01:46.4 


18.86 


19.65 


2.6 


260 


-15.96 


42.61 


199 


10.6 




SSA 13-C4-HAE4 


13:12:45.44 


+43:13:32.7 


18.89 


20.39 


3.7 


840 


-15.80 


42.76 


303 


10.3 




SSA 13-C4-HAE5 


13:12:10.09 


+43:07:36.8 


18.89 


19.94 


3.0 


408 


-15.89 


42.67 


238 


10.5 




SSA 13-C4-HAE6 


13:12:22.13 


+43:01:34.0 


18.98 


19.99 


2.7 


382 


-15.94 


42.63 


210 


10.5 





a The Ha flux (erg s _1 cm -2 ) corrected for 33% [Nil] contribution to the measured flux. 
b The Ha luminosity (erg s _1 ). 

c The attenuation corrected star- formation rate derived from the Ha luminosity (Mq yr — 1 ). 

d The stellar mass estimated from the X-band magnitude by assuming a constant mass-to-light ratio from lCeach et aTl (|200( 




Figure A3. WFCAM thumbnail images of the emitter candidates in the SSA 13 and surrounding control fields. The size of the images 
is 10 x 10 arcsec 2 (~ 80 x 80kpc 2 ). The circle in the bottom-left panel shows the size of the 3arcsec aperture for photometry. The same 
magnitude range are used to display for all the images. 
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Figure Bl. The sky distribution and smoothed density map of emitter candidates in the 2QZ cluster field. The squares indicate the 
positions of the four target QSOs. The circles indicate the emitter candidates and the size is proportional to the emission-line flux. The 
thick horizontal bars show the angular scale of 20 comoving Mpc (6.2 Mpc in physical scale) at z = 2.23. The contours show deviations 
of local emitter densities from the average densities, from -0.5 to 3 a with 0.5 a intervals. 
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Figure B2. The sky distribution and smoothed density map of emitter candidates the 0200+015 field. The square indicate the positions 
of the HzRG. The circles indicate the emitter candidates and the size is proportional to the emission-line flux. The thick horizontal 
bars show the angular scale of 20 comoving Mpc (6.2 Mpc in physical scale) at z = 2.23. The contours show deviations of local emitter 
densities from the average densities, from -0.5 to 3 a with 0.5 a intervals. 
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Figure B3. The sky distribution and smoothed density map of emitter candidates at z ~ 2.23 in the SSA 13 field. The squares indicate 
the positions of the SMGs and OFRGs. The circles indicate the emitter candidates and the size is proportional to the emission-line 
flux. The thick horizontal bars show the angular scale of 20 comovingMpc (6.2 Mpc in physical scale) at z = 2.23. The contours show 
deviations of local emitter densities from the average densities, from -0.5 to 3cr with 0.5 a intervals. 



